Polycistronic microRNA (miRNA) clusters are a common feature of vertebrate genomes. The coordinated expression of miRNAs belonging to different seed families from a single transcriptional unit suggests functional cooperation, but this hypothesis has not been experimentally tested. Here we report the characterization of an allelic series of genetically engineered mice harboring selective targeted deletions of individual components of the miR-17~92 cluster. Our results demonstrate the coexistence of functional cooperation and specialization among members of this cluster, identify a previously undescribed function for the miR-17 seed family in controlling axial patterning in vertebrates and show that loss of miR-19 selectively impairs Myc-driven tumorigenesis in two models of human cancer. By integrating phenotypic analysis and gene expression profiling, we provide a genome-wide view of how the components of a polycistronic miRNA cluster affect gene expression in vivo. The reagents and data sets reported here will accelerate exploration of the complex biological functions of this important miRNA cluster.
miRNAs modulate gene expression at the post-transcriptional level by repressing translation and by promoting destabilization of target mRNAs [1] [2] [3] [4] . Target specificity is largely dictated by nucleotides at positions 2-7 of the miRNA (the 'seed'), and miRNAs with the same seed sequence can be grouped into 'seed families' (ref. 1) . Approximately 60% of mammalian miRNAs are part of polycistronic clusters, and in many cases multiple seed families are represented within a single polycistron 5 . Coordinated expression of unrelated miRNAs from the same transcription unit could provide a simple mechanism for different miR-NAs to act cooperatively, thus explaining why this gene structure has been so frequently favored by natural selection. To test this hypothesis, we investigated the miR-17~92 cluster, a classic polycistronic miRNA gene with essential roles in development and disease 6 .
miR-17~92 (also called Mirc1 in mice) consists of six highly conserved miRNAs belonging to four seed families (Fig. 1a) . In mice, targeted deletion of the whole cluster causes a wide array of developmental defects affecting multiple organs and systems 7 , whereas, in humans, germline monoallelic microdeletions involving miR-17~92 are responsible for the developmental defects observed in a subset of individuals with Feingold syndrome 8 (FS2; MIM 614326), an autosomal dominant disease characterized by short stature and variable combinations of craniofacial abnormalities, limb and digit malformations, gastrointestinal atresia and learning disabilities 9 .
The miR-17~92 cluster is also a bona fide human oncogene. Focal amplifications of its locus are frequent in human diffuse large B cell lymphomas 10 , and its components are overexpressed in many human cancers [11] [12] [13] [14] [15] [16] , at least partially as a result of direct transcriptional activation by members of the Myc family of oncogenic transcription factors 17 . In addition, ectopic expression of miR-17~92 accelerates or initiates tumor formation in several mouse models of human cancer 12, [18] [19] [20] [21] [22] [23] [24] .
We reasoned that the multiple phenotypes caused by miR-17~92 deletion could be used to experimentally determine the extent of functional cooperation among the miRNAs encoded by a polycistronic cluster. Here we report the generation of an allelic series of miR-17~92-mutant mice and integrate their phenotypic characterization with RNA sequencing (RNA-seq) analysis showing the consequences of selective miRNA inactivation on gene expression in the developing embryo. Our results provide new insights into the biology of this important oncogenic miRNA cluster and pave the way for further mechanistic studies.
An allelic series of miR-17~92-mutant mice uncovers functional specialization and cooperation among members of a microRNA polycistron
RESULTS

Generation of an allelic series of miR-17~92 deletions
We used homologous recombination in mouse embryonic stem (ES) cells to generate six miR-17~92 alleles ( Fig. 1b and Supplementary Fig. 1a) , each characterized by the deletion of genomic sequences corresponding to one or more of its pre-miRNAs. Four alleles harbored deletion of the components of single-seed families: miR-17~92 ∆17 (deletion of Mir17 and Mir20a), miR-17~92 ∆18 (deletion of Mir18), miR-17~92 ∆19 (deletion of Mir19a and Mir19b-1) and miR-17~92 ∆92 (deletion of Mir92-1). Two additional alleles, miR-17~92 ∆17, 18 (deletion of Mir17, Mir20a and Mir18) and miR-17~92 ∆17, 18, 92 (deletion of Mir17, Mir20a, Mir18 and Mir92-1) are characterized by targeted deletion of more than one seed family. The miR-17~92 ∆17, 18 allele was generated because members of the miR-17 and miR-18 seed families have high sequence homology and their seeds differ only at position 4. Finally, the miR-17~92 ∆17,18,92 allele retains only pre-miRNAs belonging to the miR-19 family, and its generation was prompted by reports indicating that this seed family is the key oncogenic determinant of the cluster 21, 25, 26 . After germline transmission of the targeted alleles, we intercrossed heterozygous mice to generate homozygous-mutant mice for each allele of the series ( Table 1) .
We confirmed loss of expression of the deleted miRNAs in homozygous mice by both reverse transcription coupled with quantitative PCR (RT-qPCR) and small-RNA sequencing ( Fig. 1c and Supplementary Fig. 1b,c) . For each allele, we found that the expression of the remaining miRNAs was not substantially altered, with the notable exception of a substantial reduction in miR-18 levels in miR-17~92 ∆17/∆17 mice. Expression profiling of wild-type and mutant mice, however, suggested that this reduction has very limited, if any, functional consequences (Supplementary Note). Finally, no changes in the sequences of the mature miRNAs encoded by the various miR-17~92 alleles were detected by small-RNA sequencing (data not shown).
Perinatal lethality, cardiac defects and lung hypoplasia
Homozygous deletion of the miR-17~92 cluster results in fully penetrant perinatal lethality, a phenotype that has been attributed to severe lung hypoplasia and defective cardiac development 7 (Table 1 and Supplementary Fig. 2) . By contrast, heterozygous intercrosses of the single-seed mutants yielded viable homozygous adults at expected mendelian ratios, and even combined deletion of the miR-17 and miR-18 seed families was compatible with postnatal survival. For each of the strains, crosses between homozygous mice produced viable offspring (data not shown). Strikingly, we observed perinatal lethality only in miR-17~92 ∆17,18,92/∆17,18,92 mice ( Table 1) , and only these mice displayed lung hypoplasia ( Supplementary Fig. 2 ). Defective heart development was only detected upon deletion of the entire cluster ( Supplementary Fig. 2) . Thus, the perinatal lethality, cardiac defects and lung hypoplasia observed in miR-17~92-null mice result from the concomitant loss of multiple components of the cluster, providing a clear example of functional cooperation.
Although the characterization of miR-17~92-null mice 7 and the analysis described above were performed on mice of a mixed B6-129 background, we observed during this study that backcrossing the mutant alleles into a pure C57BL/6J genetic background A r t i c l e s resulted in generally more severe phenotypes. More specifically, we noticed that a smaller fraction of miR-17~92 ∆/∆ embryos (embryos harboring homozygous deletion of the entire miRNA cluster) reached full term, and we observed substantial perinatal lethality in mice harboring deletion of members of the miR-17 or miR-19 seed families ( Supplementary Table 1 ).
Feingold syndrome and axial patterning
Hemizygosity at the miR-17~92 locus in mice phenocopies several of the key features of FS2, including size and digit abnormalities 8 . To define the relative contribution of each seed family to the pathogenesis of this syndrome, we examined mice from the miR-17~92 allelic series. Homozygous mice for each of the four single-seed mutant alleles were smaller than age-and sex-matched wild-type controls ( Fig. 2a,b ). This phenotype was most severe in miR-17~92 ∆17/∆17 mice, which at 5 weeks of age weighed on average 40% less than wild-type mice (P = 7.47 × 10 −7 , two-tailed t test). Co-deletion of the miR-17 and miR-18 families resulted in a more severe phenotype, with significant weight reduction in both heterozygous (16%; P = 4.05 × 10 −4 ) and homozygous (52%; P = 8.44 × 10 −9 ) mice. Finally, the weight of miR-17~92 ∆17,18,92/+ mice was comparable to that of miR-17~92 ∆/+ mice ( Fig. 2a,b) .
A relative shortening of the fifth mesophalanx (brachymesophalangy) of the forelimb is another characteristic feature of FS2 recapitulated in miR-17~92 ∆/+ mice. In miR-17~92 ∆/∆ mice, forelimb abnormalities were more severe and include absence of the fifth mesophalanx, as well as fusion of the proximal carpal bones 8 ( Fig. 2c, Supplementary Fig. 3a and Supplementary Table 2 ). Among the single-seed mutants, only hemizygous or homozygous deletion of the miR-17 seed family resulted in a significant shortening npg of the fifth mesophalanx ( Fig. 2c,d) . A fraction of miR-17~92 ∆17/∆17 mice, but not mice homozygous for the other single-seed mutant alleles, also displayed fusion of the proximal carpal bones. miR-17~92 ∆17,18/∆17,18 mutant mice showed more severe phenotypes than mice carrying deletion of the miR-17 family alone, and further deletion of Mir92-1 (miR-17~92 ∆17,18,92/∆17,18,92 ) fully recapitulated the phenotypes seen in miR-17~92 loss-of-function mice ( Fig. 2c and Supplementary Fig. 3a,b) .
The role of the miR-17~92 cluster in FS2 compelled us to further analyze skeletal development in the absence of the entire cluster or of its individual components ( Supplementary Tables 2-4) . Through this analysis, we found that loss of miR-17~92 affected a key event during the formation of the mammalian skeleton: its patterning along the anterior-posterior axis, which leads to the differentiation of morphologically distinct skeletal segments 27, 28 (Supplementary  Fig. 3c ). Homeotic transformations in miR-17~92 ∆/∆ mice were fully penetrant and affected multiple skeletal segments ( Fig. 3a-c and Supplementary Fig. 3c,d) . Specifically, V14-which in wild-type mice is the last vertebra of the rib cage-was transformed into the first vertebra with floating ribs (ribs that do not attach to the sternum; n = 10/10) ( Fig. 3a) . We observed a unilateral (n = 3/10) or bilateral (n = 7/10) loss of ribs on V20 and a transformation of V26 from the last lumbar vertebra into the first sacral vertebra (n = 10/10) ( Fig. 3b,c, Supplementary Fig. 3d and Supplementary Table 3 ). We also observed transformations at the lumbar-sacral level in 46% of heterozygous mice, indicating a dose-dependent role of this cluster in axial patterning.
We next examined axial patterning in mice from the allelic series ( Fig. 3d-f and Supplementary Table 4 ). Among the single-seed mutants, only those harboring deletion of the miR-17 seed family displayed transformations similar to those seen in the absence of the full cluster. Simultaneous deletion of the miR-17 and miR-18 families fully recapitulated the phenotypes seen in miR-17~92 ∆/∆ null mice. These results demonstrate a previously unappreciated role for the miR-17~92 cluster in patterning of the axial skeleton, identify the miR-17 seed family as the main effector of this function and provide a direct link between mutation of a miRNA gene and homeotic transformations.
The miR-17 and miR-18 families regulate B cell development
In miR-17~92-deficient mice, early B cell development was characterized by a partial block at the pro-B to pre-B transition due to increased apoptosis 7 . Among the mice mutant for a single-seed family, only miR-17~92 ∆17/∆17 mice displayed a statistically significant reduction in pre-B cell numbers (Fig. 4a,b) . This phenotype was exacerbated in miR-17~92 ∆17,18/∆17,18 mice, once more demonstrating cooperation among these two highly related miRNA families. Consistent with a predominant role for the miR-17 seed family in regulating the pro-to pre-B transition, we observed a significant increase in the fraction of apoptotic pre-B cells in miR-17~92 ∆17/∆17 and miR-17~92 ∆17,18/∆17,18 mice in comparison to wild-type mice ( Fig. 4c) , specifically at the pre-BII stage ( Supplementary Fig. 4a,b) . These mice also displayed a decrease in the ratio of splenic B cells to T cells and myeloid cells. However, further maturation of B cells in the spleen was unaffected, and spleens appeared histologically normal ( Fig. 4d and Supplementary Fig. 4d,e ).
On the basis of these results, we conclude that members of the miR-17 and miR-18 seed families have a central role in modulating pre-B cell survival and early B cell development.
Loss of miR-19 impairs Myc-driven tumorigenesis
Ectopic expression studies previously demonstrated that the tumorpromoting activity of miR-17~92 is largely determined by miR-19a and miR-19b-1 (hereafter collectively referred to as miR-19). miR-19 overexpression can recapitulate the ability of miR-17~92 to cooperate with the Myc oncogene in driving B cell lymphomagenesis 21 .
In addition, lymphoma cells derived from transgenic mice in which ectopic expression of Myc is driven by the Eµ enhancer (Eµ-Myc mice) display increased apoptosis upon acute deletion of the entire miR-17~92 cluster, a phenotype that can be entirely rescued by reintroduction of miR-19 alone 26 . On the basis of these results and the observation that the miR-17~92 cluster is a direct transcriptional target of Myc 17 (Fig. 5a) , we hypothesized that upregulation To test this hypothesis, we monitored cohorts of Eµ-Myc; miR-17~92 +/+ , Eµ-Myc; miR-17~92 ∆19/+ and Eµ-Myc; miR-17~92 ∆19/∆19 mice for the appearance of palpable lymphomas and overall survival. Whereas control Eµ-Myc mice developed lymphomas with the expected latency, deletion of miR-19 resulted in a dosagedependent increase in tumor-free and overall survival ( Fig. 5b and  Supplementary Fig. 5a ). miR-19-deficient mice that eventually succumbed to disease developed tumors markedly biased toward a more mature immunophenotype (Supplementary Fig. 5b) . Deletion of Mir18 and Mir92-1 had minimal or no impact on Eµ-Myc-driven lymphomagenesis (Supplementary Fig. 5d ), whereas targeted deletion of the miR-17 seed family resulted in a significant (P < 0.001) delay in tumor latency, presumably as a consequence of the reduced number of pre-B cells (Supplementary Fig. 5d ). The increased latency and shift in the immunophenotype of lymphomas in Eµ-Myc; miR-17~92 ∆19/∆19 mice suggest that the miR-19 seed family has a permissive role in the transformation of early B cell progenitors by Myc.
To determine whether absence of miR-19 impaired the early stages of Myc-driven lymphomagenesis, we examined the bone marrow of young (5-week-old) Eµ-Myc mice, which is typically characterized by a preneoplastic accumulation of pre-B cells 29, 30 (Fig. 5c,d) . Strikingly, this accumulation was entirely absent in age-matched Eµ-Myc; miR-17~92 ∆19/∆19 mice. This was not owing to an inability of the Myc oncogene to promote hyperproliferation in the absence of miR-19 ( Supplementary Fig. 5c,e) . Rather, the increase in pre-B cell proliferation was counterbalanced by a concomitant marked increase in apoptosis (Fig. 5e) .
It is worth noting that this role of miR-19 in suppressing apoptosis becomes evident only in the context of oncogenic levels of Myc, whereas loss of miR-19 expression does not impair normal pre-B cell development or survival (Figs. 4a and 5e) .
We next sought to determine whether miR-19 has a more general role in Myc-driven tumorigenesis. Up to one-third of human prostate npg cancers harbor genomic amplification of the MYC locus 31, 32 , and mice expressing a MYC transgene under the control of the prostate-specific Pbsn (probasin) promoter containing two additional androgeninducible elements (Hi-Myc transgenic mice) develop invasive prostatic adenocarcinomas at 6-12 months of age 33 .
To examine the role of miR-19 in this context, we aged cohorts of Hi-Myc; miR-17~92 +/+ and Hi-Myc; miR-17~92 ∆19/∆19 mice. At 8 weeks of age, Hi-Myc; miR-17~92 +/+ male mice displayed extensive signs of prostatic intraepithelial neoplasia (PIN) ( Supplementary  Fig. 6a ), as previously described 33 . By contrast, the prostates of agematched Hi-Myc; miR-17~92 ∆19/∆19 mice appeared largely normal, with only occasional foci of PIN. Immunohistochemistry for cleaved caspase-3 also showed that, in this context, absence of miR-19 caused a significant (P < 0.001) increase in apoptosis in response to the Myc oncogene ( Supplementary Fig. 6b,c) .
Even more dramatic were the consequences on tumor progression. In Hi-Myc control mice, we detected invasive adenocarcinomas by 8 months of age, and these were present in all mice by 10 months (Supplementary Fig. 6d,e) . In contrast, miR-19-deficient mice showed a largely unaffected prostate even at 12 months of age; by 14 months, only one-third of mice lacking miR-19 displayed histological evidence of invasive cancer. Delayed tumor progression was confirmed by non-invasive imaging studies (Supplementary Fig. 6f,g) .
By demonstrating a critical function in two distinct Myc-driven cancer models, our results establish miR-19 as a central component of the Myc oncogenic network.
Genome-wide analysis of miR-17~92 targets in vivo
To gain insights into the physiological targets of miR-17~92, we next sought to explore how targeted deletion of individual components affects gene expression in vivo. Although miRNA-mediated regulation ultimately controls protein output, previous studies comparing proteomic and RNA expression profiling have demonstrated that most if not all of the changes in protein levels can be explained by changes in mRNA levels [34] [35] [36] .
We performed RNA-seq experiments on RNA from hearts and tail buds microdissected from the various miR-17~92-mutant embryos. These tissues were chosen because loss of miR-17~92 in these tissues resulted in some of the most prominent developmental defects described here ( Figs. 1-3) . We used only embryos at the 20-to 22-somite stage, to minimize variability and because this stage immediately precedes the appearance of the first detectable developmental abnormalities in miR-17~92-null mice.
Cumulative distribution fraction (CDF) plots of log 2 (fold change in expression) showed that, in each mutant strain, the predicted targets of the deleted miRNA(s) were preferentially upregulated in comparison to their levels in wild-type embryos ( Supplementary  Fig. 7 and Supplementary Table 5 ), demonstrating that our analysis captures changes in gene expression caused by targeted deletion of the miR-17~92 cluster and its various components.
To examine the relative contribution of each seed family and the functional interactions of the families in the modulation of targets, we next visualized the genes significantly (false discovery rate (FDR) ≤ 0.1) npg deregulated in each genotype using the Circos package 37 (Fig. 6a and Supplementary Figs. 8-11 ). In these plots, genes deregulated in two or more mutant mice are joined by links. For each gene, the plots also provide information regarding the direction and amplitude of deregulation (in the middle track) and the presence of predicted binding sites for the various components of the miR-17~92 cluster (in the inner track) (see Fig. 6a for additional details). These plots provide a high-level view of the regulatory activity of miR-17~92 in vivo and illustrate, at the molecular level, the complex interactions existing among the various components of the cluster. Several conclusions can be drawn from their analysis. First, it is immediately evident that the four seed families encoded by miR-17~92 differ greatly in the number of genes they regulate in vivo. For example, only a handful of genes are affected by loss of miR-18, whereas the miR-17 and miR-19 seed families modulate the expression of the largest number of genes. It is also worth noting that the extent of gene regulation by the cluster is dependent on context: nearly four times as many genes are affected by loss of miR-17~92 in the tail bud as are in the embryonic heart.
Another conclusion stems from the observation that the number of genes whose expression is deregulated upon deletion of the entire miR-17~92 cluster is substantially greater than the sum of the genes deregulated in the single-seed mutants (Fig. 6a) . This finding supports the idea that the various members of the miR-17~92 cluster cooperatively regulate, either directly or indirectly, a large number of genes. Interestingly, the number of genes differentially expressed in the miR-17~92 ∆17,18 double-seed mutant was much greater than the sum of the genes deregulated in the miR-17~92 ∆17 and miR-17~92 ∆18 single-seed mutants (Supplementary Figs. 8-11) , indicating strong cooperation between these two closely related miRNA families.
The last and perhaps most notable conclusion is that, although loss of miR-17~92 or its individual components results in reproducible deregulation of hundreds of genes, the amplitude of this effect is invariably very modest, with the vast majority of genes changing in expression by less than one log 2 (fold change) compared to wildtype embryos ( Fig. 6, Supplementary Figs. 8-11 and Supplementary  Table 5 ). Interestingly, this is not only true for differentially expressed genes that have predicted binding sites for miR-17~92 components in their 3′ UTRs-the 'direct' targets-but is also true for genes that are regulated indirectly by miR-17~92 miRNAs. This observation indicates that the modest effects on direct targets are not amplified downstream and has important implications because it suggests that, rather than acting as genetic switches for specific signaling pathways or transcription factors, the miRNAs in the miR-17~92 cluster act as fine-tuners, ensuring that the expression of a large number of genes stays within a very narrow range at critical developmental stages. As a consequence, it is unlikely that the complexity of phenotypes observed in the various mutant mice described here can be assigned to loss of repression of one or a few key targets.
To gain further insights into the genes regulated by miR-17~92, we searched for enrichment of Gene Ontology (GO) terms within the subset of genes deregulated in miR-17~92 ∆/∆ embryos ( Fig. 6b and Supplementary Table 6 ). Consistent with the phenotypes observed in miR-17~92-null mice, in the heart data set, we found significant enrichment of GO terms associated with cardiac development and, in particular, the development of the ventricular septum. Similarly, GO terms related to ossification, skeletal development and patterning were significantly over-represented in the tail bud data set. The differentially expressed genes contributing to these terms, their fold change in expression in comparison to wild-type embryos and their predicted interactions with members of the miR-17~92 cluster are shown in Figure 6c .
Many of the genes contributing to the GO terms in the heart, such as Tbx3, Tbx20, Smad6, Heg1, Klf2 and Trip11, are direct targets of the cluster for which there is experimental evidence that perturbation of their expression is sufficient to induce cardiac defects in vertebrates [38] [39] [40] [41] [42] [43] [44] . Analogously, GO terms from the tail bud data set included direct and indirect targets of miR-17~92 component miRNAs involved in mesoderm formation (Bmp4 and Bmpr2) 45, 46 , specification (Tbx6) 47 , segmentation (Notch2, Jag1, Dll3 and Dll1) 48, 49 , axial patterning (Gdf11, Hoxa5, Hoxa6 and Hoxb4) 50, 51 and limb development (Tbx3 and Bmp4) 52, 53 .
GO assignments are imperfect and limited by current knowledge of embryonic development; hence, it is likely that this analysis underestimates the number of genes whose deregulation in miR-17~92deficient mice contributes to the developmental defects observed. Nevertheless, the picture emerging from our work is consistent with a model in which members of the miR-17~92 cluster have evolved to coordinately fine-tune the expression of a wide network of genes involved in multiple aspects of mammalian development. We propose that it is the concomitant loss of fine-tuning of these genes, rather than the deregulation of a single or a few key targets, that causes the complex phenotypes observed in miR-17~92-mutant mice.
DISCUSSION
The allelic series of miR-17~92-mutant mice and the associated RNA-seq data set reported here offer an unprecedented view of the functional organization of a multifamily miRNA cluster. There are at least five aspects of this work that we believe are of general relevance.
First, we provide direct genetic evidence that strong functional specialization and cooperation can coexist among members of the same polycistronic cluster. A clear example of functional specialization is represented by the unique role of the miR-17 seed family in modulating axial patterning. By contrast, perinatal lethality, cardiac defects and lung hypoplasia are clear examples of functional cooperation. We also identify cases in which one seed family has a dominant but not unique role, as exemplified by the role of the miR-17 seed family in pre-B cell survival and in digit development.
Second, we uncover an unexpected role for the miR-17~92 cluster in modulating skeletal patterning, as shown by the occurrence of fully penetrant homeotic transformations in miR-17~92 ∆/∆ and miR-17~92 ∆17/∆17 mice. Despite multiple reports linking miRNAs to embryonic patterning [54] [55] [56] , loss-of-function mutations of a miRNA gene have not previously been linked to disrupted patterning of embryonic axes in mice. This discovery also lends support to the idea 57 that expansion of the miR-17 seed family was temporally and functionally connected to the origin of vertebrates and with the concomitant genome-wide duplications that resulted in the formation of the four Hox gene clusters.
Third, we define members of the miR-19 seed family as key components of the oncogenic network orchestrated by Myc. The observation that miR-19-deficient mice are remarkably resistant to Myc-driven tumorigenesis in two distinct tumor models demonstrates that this miRNA family is a critical downstream effector of Myc and has a crucial role in Myc-driven tumor initiation and progression. In this context, a surprising finding is that, in the absence of oncogenic levels of Myc, loss of miR-19 expression has no obvious detrimental effects on pre-B cell differentiation or on prostate homeostasis. This observation has obvious therapeutic implications because it suggests that pharmacologic inhibition of miR-19 in patients affected by tumors expressing oncogenic levels of MYC could have anticancer effects npg A r t i c l e s with little toxicity. It is tempting to speculate that miR-19 induction by Myc might be part of the physiological response to conditions requiring the rapid and transient expansion of specific cell populations in response to acute stresses.
Fourth, the RNA-seq data derived from this allelic series of mutant mice provide a unique and to some extent surprising view of the physiological targets of a polycistronic miRNA cluster in vivo. We have already discussed some of the specific implications with respect to miR-17~92 functions. Here we would like to emphasize that our findings strongly support the notion that, in animals, many miRNAs have evolved not to act as genetic switches of specific pathways or individual targets but rather to modulate expression of large gene networks. If our interpretation is correct, the search for individual 'key targets' that can explain the biological properties of a given miRNA might prove futile if not misleading.
Finally, the six new miR-17~92-mutant strains reported here represent a valuable resource for the noncoding RNA field, as they will accelerate and facilitate further mechanistic investigations into the complex developmental and oncogenic functions of this cluster. Likewise, the RNA-seq data sets we have generated will provide the scientific community with unprecedented opportunities to explore the molecular determinants of miRNA targeting in a physiological, in vivo setting.
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